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Background of the Invention 

The present invention relates to computer-assisted methods and apparatus for 
generating or compiling electronic designs such as designs for digital integrated circuits. 
More specifically, the invention relates to improvements in using timing infomiation 
while compiling electronic designs. 

Electronic design automation ("EDA**) is becoming increasingly complicated 
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and time consuming, due in part to flie greatly increasing size and complexity of the 
electronic devices designed by EDA tools. Such devices include general purpose 
microprocessors as well as custom logic devices including Application Specific 
Integrated Circuits ("ASICs"). The design of even the simplest of these devices 
typically involves generation of a high level design, logic simulation, generation of a 
network, timing simulation, etc. 

Meeting timing requiranents is essential to the correct operation of an 
integrated circuit. For example, for a plurality of D-type flip-flops ("DFFs**) to feed 
through some logic to another plurality of DFFs, it is generally required that the 
signals ftom the first set of DFFs must finish propagating through any intermediate 
logic and have settled to their final state on the D-input of each of the destination 
DFFs before the next rising edge of the clock. If the delay through the resulting logic 
is greater than the time between rising clock edges, then the state that the destination 
DFFs will hold on the next clock edge will be undefined. 

In order to meet timing requirements optimization methods are applied. 
Optunizing a circuit can occur at any time during synthesis, technology mapping, 
clustering, placement, or routing. Most optimization methods require an 
identification of "critical connections" between circuit elements or blocks. Emphasis 
is made during optimization to optimize the timing of those connections having the 
greatest criticality. For example, during placement, the placement algorithm will 
attempt to keep those elements or blocks having a critical cormection in a 
configuration where the connection woxxld be made with as litfle delay as possible. A 
critical path is a path that has the longest delay. In fact, there may be several critical 
paths in a circuit. The cycle time of the clock that controls the DFF's at the beginning 
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and end of the path cannot be any less than this delay. A critical path may consist of 
one or more connections, and all those connections will be critical. 

Several different methods are xised in circuit optimization to determine which 
connections are critical and therefore need to be made via fast wiring lines to avoid 
slowing down the circxiit Optimization is typically required in the conversion or 
placement of an electronic design in the form of a netlist into a physical device, such 
as an FPGA or CPLD, A traditional recursive partitioning algorithm will recursively 
divide an electronic design in half and xepedH the division until the design is fiilly 
placed into the device. Partitioning methods may be q)phed to flat architectures such 
as gate arrays but are especially suitable for hierarchical architectures such as Altera's 
APEX 20K femily of devices. In hierarchical architectures, crossing center 
boundaries involves significant costs in the form of delays added. Typically, as an 
electronic design is divided in half and again in half, the placement tool will attempt 
to minimize the wires which cross between physical half A and physical half B of the 
physical device to avoid lengthy delays across critical paths. As the wire placement 
or "cut" crosses boundaries lower in the hierarchy, smaller delays are added for each 
cut until the point where tiie wire placement between two cells occurs entirely within 
a cell and no additional delay is added. 

The goal of this process is to obtain a faster circuit, generally when the longest 
delay of the placed design into the physical device is minimized This measure is 
often stated in terms of a faster frequency for the circuit. After every cut of the design 
into the physical part the user or tool will know the actual delays contributed by that 
cut since for any such physical electronic device, the logic delays across the 
boundaries are known for that architecture. Since interconnect delays for the 
architecture are known for a fixed distance and load, a fiilly placed netlist has a 
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detenninistic timing analysis. A partially placed netlist, however, has a known timing 
analysis only if the placement algorithm gives the timing analyzer an estimate of 
unknown interconnect delays for edges not yet routed or placed. 

A netlist with nodes and edges annotated with their electrical delay allows the 
user to compute, for each node and edge, the maximum delay ftom a source or to a 
destination, and hence the length of the longest path through that node or edge. 
Given a target delay (constraint) on an A to B path, the slack delay for that path is the 
(most stringent) constraint minus the actual delay of the path. For a given node or 
edge, the slack of the node or edge is the minimum slack over all paths which contain 
the node or edge. All these vdues are well-defined in a synchronous netlist, and 
computable in linear time with several gr^h traversals. 

A critical path is one which has the minimum slack over all paths. In a single- 
clock system with a single global ftnax (register-register) delay constraint, this is 
equivalent to the path with the maximum delay. In a multi-clock system with 
different finax specifications for different clocks, or with specific point-to-point path 
constraints, minimum slack is not equivalent to maximiun delay. The goal of a 
timing-driven compilation is to maximize the worst-case (minimum) slack. 

One problem with the use of recursive partitioning as an algorithm for timing- 
driven placement is that the true path delays are not known in the early stages of 
placement. Therefore identifying the critical paths before the netlist has been placed 
is difBcult. The partitioning algorithm can minimize the number of critical nets which 
are cut early on, yet these nets may not be the true critical nets by the time the 
partitioning tool has proceeded several levels deep in the placement, due to the delays 
added by the cuts. This problem is intrinsic whether or not the target architecture is 
hierarchical, but is exacerbated by non-uniform delays in a hierarchical part- 
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What is needed therefore is an improved method for estimatmg the delays for 
edges or coraiections vviaich have not yet been placed in order to identify accurately 
the critical paths. 
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Summary of the Invention 



The present invention provides a method for more accurately estimating 
delays for connections which have not yet been placed. Partitioning places a source 
design into a target device and divides the design in half, followed by successive 
divisions of the source design until the entire source design has been cut or placed in 
the device and all connections in the source design correspond to wires in the physical 
device. The objective in the process is to avoid placing connections which require 
fast wires across slow boundaries. As a partition proceeds in phases, determining 
which connections are critical (and therefore require faster wires) is done based on 
actual delay data for cuts abready placed and estimated data for the connections which 
have not yet been cut in the device. The present invention provides a method for 
estimating delay data comprising receiving a source electronic design, estimating the 
criticality of connections which have not yet been placed across a boundary based on 
statistical data received from at least one other design and revising the design in a 
manner that biases the d^gn towards a state in which connections with the highest 
criticality have their delays minimized. 

In yet another embodiment, the partitioning and estimation of delays on the 
paths is repeated successively prior to a next phase of partition. 

Another aspect of the invention pertains to computer program products 
including a machine readable medium on which is stored program instructions, tables 
or lists, and/or data structures for implementing a method as described above. Any of 
the methods, tables, or data structures of this invention may be represented as 
program instructions and/or data structures that can be provided on such computer 
readable media. 
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Yet another aspect of the present invention pertains to a con^>uter system 
comprising at least one CPU. memory, and an interface for commmiicating with an 
individual. The computer system is configured to receive the electronic 
representation of the design, estimate the criticality of connections which have not yet 
been placed across a boundary based on statistical data received from at least one 
other design and to revise the electronic representation toward a state in which high 
criticality connections are changed in a manner that reduces delay. 

These and other features and advantages of the present invention are described 
below with reference to the drawings. 
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FIG. I is a schematic/process diagram illustrating the components and general 
flow of a compiler that may be used in conjunction with the present invention. 

FIG. 2 illustrates a path cut by a boundary. 

FIG. 3 is an idealized block representation of the architecture of an arbitrary 
hardware device, including interconnects, 

FIG. 4 illustrates recursive partitioning in the hardware device illustrated m 

FIG. 3. 

FIG. 5 is a flowchart illustrating a method for generating an electronic design 
based on criticaUties of connections in accordance with methods of the invention. 

FIG. 6 is a flowchart illustrating a method for generating statistical data for 
phase delays in accordance with the methods of the invention. 

FIG. 7 is a block diagram of a general-purpose computer system that may be 
employed to implement the present invention. 

FIG. 8 is a block diagram of a programmable logic device and associated system, 
in which the PLD may be generated in accordance with the methods of this invention. 
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Detailed Description 

Introduction and Overview 

Reference will now be made in detail to some specific embodiments of the 
invention. Examples of specific embodiments are illustrated in the accompanying 
drawings. While the invention wiU be described in conjunction with these specific 
embodiments, it will be understood that it is not intended to limit the invention to any 
particular specific embodiment On the contrary, it is intended to cover alternatives, 
modifications, and equivalents as may be included within the spirit and scope of the 
invention as defined by the appended claims. In the following description, numerous 
specific details are set forth in order to provide a thorou^ undeistanding of the 
present invention. The present mvention may be practiced without some or all of 
these specific details. In other instances, well known process operations have not 
been described in detail in order not to unnecessarily obscure the present invention. 

Some of the terms used herein are not commonly used in the art. Other terms 
have multiple meanings in the art Therefore, the foUowing definitions are provided 
as an aid to understanding the description tiiat follows. The invention as set forth in 
the claims should not necessarily be lin^ted by these definitions. 

The term "compiler" is used throughout this specification to refer to software 
and apparatus for running such software that compiles an electronic design. Its 
fimctions may include extracting and synthesizing a netlist, mapping the design to a 
given hardware architecture, placing and routing the design, simulating the design, 
etc. 
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The term "source electronic design" generically refers to the logical stracture 
of an electronic device such as an integrated circuit. It may be implemented on 
hardware (usually referred to herein generically as a **target hardware device'O- 
During the design and development effort, an electronic design may exist in various 
states or stages. It may be provided as a high level Boolean representation (encoded 
in a hardware design language for example), a schematic or circuit representation, or 
any other form representing the logical arrangement of a device. It may include other 
facets such as floor-plan constraints, wave-form constraints, timing constraints, fitting 
constraints, etc. At the gate level, it may exist as a netlist (whether synthesized or 
not) prior to placement on a target hardware device. It may even include completed 
place and route assignments. 

A **netlist" is used to describe the functionality of a digital circuit d^ign that 
can be implemented on a programmable logic device or other target hardware device. 
The nethst is represented as hierarchical collection of gates, state machines, high level 
constructs such as coimt^ or adders, or any other means of defining a collection of 
outputs based on a collection of inputs. The nodes of the netlist (gates, state 
machines, etc.) are cormected together via nets. Each of these nets is associated with 
a named digital signal. A netUst may be synthesized to remove redundant logic, 
simplify the gate layout provided by a user, etc. 

When in the form of a synthesized netlist, a source electronic design may be 
divided into "logic cells" representing various logic fimctions within the electronic 
design. Dxuing compilation, these logic cells are mapped onto physical structures 
known as "logic elements" which reside on the target hardware device. The criteria 
for mappmg gates mto logic cells is that the resulting logic cell must be able to be put 
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into one logic element. An example of a logic cell is a collections of gates (connected 
in some way and implemented in a look-up table) combined with a register and 
configured to implement a multiplier. 

The term *target hardware device" refers to a hardware device on which an 
electronic design is implemented. Exanq)Ies include circuit boards and systems 
including multiple electronic devices and multi-chip modules, as well as integrated 
circuits. Specific examples of integrated circuits include traditional miilti-purpose 
microprocessors, traditional integrated circuits with fiill custom layouts, hardwired 
ASICs (e,g,y gate arrays) designed with high level design tools, and programmable 
integrated circuits such as FPGAs and PLDs. In the case of non-programmable 
integrated circuits such as gate arrays, the electronic design defines the arrangement 
of metal lines on one or more metalKzation layers of the target hardware device. In 
the case of programmable integrated circuits such as PLDs, the electronic design 
defines the gates as well as interconnects to be programmed on the target hardware 
device. 

In the context of this invention, a target hardware device typically includes a 
plurality of logic elements which house logic cells fi'om an electronic design in order 
to implement the logic flmctions specified by these cells. The logic elements are 
typically a fundamental element of the hardware device's architecture on which 
different logic gates can be defined. These elements may be grouped into blocks such 
that each logic element is associated with a block (or other arbitrary containment 
entity). There may be higher level organization in the device such that logic blocks 
are groiq)ed into rows or some other arbitrary entity. 
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A "connection" is an electrical link from the output of one block to the input 
of another block. Often, a connection is embodied as a conductive strip (e.g. a metal 
strip) or a switch together with a conductive strip. Examples of these blocks include 
logic gates, registers, memory, logic cells, I/O pads, groups of logic elements such as 
logic array blocks, etc. 

A **path" is several connections in series. A path could include the circuit 
elements as well as the connections lying between diem. The timing analysis tool will 
measure between points to establish a set of paths. The points measured could be 
input to output, input to register, register to register, or register to output. 

The term "fitting" is used throughout this specification to describe a process 
whereby a compiler fits an electronic design onto a target hardware device. The term 
"fit" may be used interchangeably with the phrase "place and route," As this 
synonym suggests, fitting can be divided into two phases: a placement phase and a 
routing phase. The present invention can be implied to all phases of the design 
process, including but not limited to placement and routing. In placement, a compiler 
positions logic cells of the electronic design with r^ect to logic elements of a target 
hardware device. The invention may employ generic place and route algorithms — 
including many conventional and commercially available algorithms — employed 
during design development. 

In a specific embodiment, the compiler is divided into software submodules. 
Referring to Fig. 1, an exemplary compiler 102 includes a logic synthesizer 104 which 
creates a synthesized netlist &om a user's high level electronic design 106 (including 
variation files, parameterized functional block files, declaration files, symbol files, etc.). 
Compiler 1 02 also includes a technology mapper 108 that maps gates &om the 
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synthesized netlist into logic cells. Finally, compiler 102 includes a place and route 
module 110 that in tum includes a placement module 1 14 and a routing module 1 16. 
Placement module 1 14 places logic celk onto specific logic elements of a target hardware 
device. Routing module 1 16 connects wires between the inputs and outputs of the various 
logic elements in accordance with the logic required to implement the electronic design. 
Compiler 102 outputs a compiled design 120. It should be understood that other compiler 
designs may be employed with this invention. For example, some compilers will include 
a partitioning modide to partition a technology-m^ped design onto multiple hardware 
entities. In addition, the compiler may be adapted to handle hierarchical designs, whereby 
synthesis, mapping, etc. are performed recursively as the compiler moves down branches 
of a hierarchy tree. The present invaation uses the partitioning algorithm in this manner 
to handle placement and routing functions. 

A user can enter an initial or source electronic design by varioxis methods. For 
example, a schematic editor program allows the user to enter and/or modify a schematic 
diagram of the electronic design using the display screen, generating a net list (summary 
of connections between components) in the process. This is commonly referred to as a 
schematic capture method. An equivalent method for entering an electronic design 
involves providing a description of the design in a Hardware Description Language 
(HDL). Examples ofHDLs include Verilog and VHDL. Thesyntaxof a VHDL 
description is described in IEEE Standard VHDL Language Reference Manual (IEEE Std 
1076-1987). Like the schematic representation, the HDL representation also provides a 
net list. 

A common goal in partitioning is to partition or divide a design to minimize 
the number of input/output pins on the devices. During placement of the design by 
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partitioning methods, actual delays for connections are only known for the 
connections already placed across boundaries. As shown in FIQ 2, conventional 
partitioning algorithms attempt to cut the source electronic design 200 on paths which 
are not critical. The determination as to criticality is a function of the length of the 
path, i.e. the number of connections in the path. Here the first cut 201 crosses path 
202 at connection 203. Connections 204, 205, and 206 are uncut during this phase. 
Path 214 and path 216, consisting of 7 and 5 connections respectively were not cut, 
consistent with a partitioning tool's attempt to avoid cuts on more critical 
connections. After this partition phase, criticality of a path is determined by a 
combination of delays associated with the actual cuts (such as tiie cut on connection 
203) and an estimate as to future cuts. In conventional partitioning, the estimate is 
based only on the number of imcut connections. 

An example of a programmable logic hardware device to demonstrate the role 
of partitioning is shown in Fig. 3. This idealized representation roughly conforms to 
the layout of the APEX 20K400 programmable logic device, a commercial product 
from Altera Corporation of San Jose, California. 

To fit ^ logic design onto a target hardware device such as that shown in Fig. 
3, a synthesized netUst is divided into logic cells which are placed in the various logic 
elements as uniquely defined below. Thus, each logic cell from the synthesized 
netlist resides in a unique single logic element. 

Often, a multi-level hierarchical structure such as that shown in PLD 300 
includes multiple levels of routing lines (interconnects). These connect the uniquely 
placed logic cells to complete circuits. In PLD 300, for example, four levels of 
interconnect are provided, one for each of ttie four hierarchy levels. 
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The basic logic-element (LE) 302 is a 4-input LUT and DFF pair . Groups of 
10 LEs are grouped into a logic-array-block or LAB 304. Interconnect within an 
LAB 304 is complete, meaning that a connection fiom the output of any LE 302 to the 
input of another LE 302 in its LAB always exists, and any signal entering the input 
region can reach every LAB, 

Groups of 1 6 LABs form a MegaLab 306. Interconnect within a MegaLab 
requires an LE to drive a GH 308 (MegaLab global H) line, a horizontal line the width 
of the MegaLab, which switches into the mput region of any other LAB in the same 
MegaLab- Adjacent LABs have the ability to interleave their input re^ons, so an LE 
in LAB i can usually drive LAB /+1 without using a GH hne 308. A 20K400 
MegaLab, for example, contains 279 GH Unes. 

The top-level architecture is a 4 by 26 array 300 of MegaLabs. 
Communication between MegaLabs is accomplished by global H 310 (horizontal) and 
V 3 1 2 (vertical) wires, which switch at their intersection points. The H and V lines 
are segmented by a bi-directional segmentation buffer, 311 and 313, at the horizontal 
and vertical centers of the chip. The use of a single (half-chip) H or V line as H or V 
and a double or fiiU-chip line through the segmentation buffer is denoted as HH 314 
or W 316. In the APEX architecture, H 310 and V 312 lines cannot drive LEs 
directly; they drive a GH which then functions as in the MegaLab case above (so an H 
delay imphes an additional GH delay). Because of segmentation of the H and V lines, 
further hierarchies of same-row, same-MegaLab-column and same-quadiant are 
implied for both routability and timing purposes. The 20K400 contains 100 H Unes 
per MegaLab row, and 80 V lines per LAB-column (80* 1 6 per MegaLab column). 

The delay of a point-to-point connection can be categorized as "local" for 
same-LAB connections, GH+local for same-MegaLab, H+GH+local for adjacent 
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horizontal MegaLabs, V+GH+local for same octant of the chip, and V+H+GH+local 
for same-quadrant of the chip. The maximum (worst-case) delay is an 
HH+VV+GH+local connection. 

A local interconnect consumes s^proximately 1 unit of delay, a GH 2 units of 
delay, H or V 2 units of delay, and an HH or V V 4 units of delay. Thus the ratio of 
the shortest (local) to longest (HH+W+GH+local) connection is roughly 1 to 1 1. 

In a target hardware device, there will be many paths available for routing a 
given signal. Each of the interconnects identified above is a connection responsible 
for conveying signals between groups, as in the case of "global horizontal" or "global 
vertical'* interconnects, or to interconnect elements within a group as for example 
accomplished by local interconnects 318 shown in Fig. 3. The interconnects are 
connections which make up segments or coimections of a path. 

Each MegaLab 306 also has a 2K-bit configurable RAM, which is accessible 
in much the same way as a LAB. The delay through a RAM is also considered to be 
a fixed value independent of placement However the choice of which MegaLab 
contains a particular logical RAM and the routing of address and data lines to the 
RAM are part of the placement problem. 

Placement Algorithm 

The natural way to place a netUst in this type of part is to do a recursive k-way 
partition. Each step will be referred to as a phase m the overall algorithm. Though 
die effectiveness of this type of algorithm is greatly affected by implementation 
details, the basic recursive partitioning flow is as follows and as illustrated in FIG. 4. 

Phase 1 : Partition the netlist into a left 402 and right 404 horizontal halves, 
minimizing the overall cut-size (number of HH wires). 
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Phase 2: Bi-partition each half independently, dividing the netlist into 
horizontal quarters 406, 407, 408, and 409 (MegaLab columns) to minimize cut-size 
(H lines). 

Phase 3: Partition the entire netlist into a top half 412 and bottom half 414, 
minimizing cut-size (W wires) while respecting the MegaLab colxmms previously 
assigned. The result is 8 octants 421 - 428. 

Phase 4: Partition the top and bottom netUsts 13-ways into rows (430 - 442) 
to minimize the number of connections (V wires) while respecting the previous 
vertical partitions. 

Phase 5: Partition MegaLabs into LABs, trying to balance V-line usage in 
individual columns, and the input-region of each LAB, 

In each of these partitioning steps, the implementation details must count and 
balance secondary signals (clock, clear, enable), RAMs, and logic cells separately, as 
the resxxlting partition must be correct for all types , of logic. Because carry-chains and 
other data-path elements have regular output, care must be taken to balance their 
relative placement to balance local congestion. 

A recursive partitioning approach has a number of advantages. The 
complexity of the algorithm is buried in the partitioning subroutine, a well understood 
problem in CAD which can be regularly updated independent of multiple architecture 
families. Graph partitioning algorithms are typically fast (linear) time, and thus the 
overall algorithm is also linear. Further, the partitioner can be de-coupled fix^m the 
architecture-specific details and easily updated with new partitioning technology. The 
overall algorithm is simple and easy to maintain, even in the presence of 
heterogeneous r^ources and other constraints. Because the production system has to 
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deal with numerous such additions to deal with a real architecture, and is regularly 
modified to deal with new architecture families and devices, these latter issues are 
particularly important This method permits the mtroduction of a timing-driven 
algorithm within the context of the existing place and route flow. 

In hierarchical progranamable logic architectures such as the Altera APEX and 
FLEX families, the standard algorithm for automatic placement is based on recursive 
partitioning of the netlist into more and more refined bins in the physical device. In 
the more hierarchical APEX architecture, the design goes toough approximately 5 
different stages or phases of partitioning. In early partitioning phases, signals need to 
be identified as critical if they lie on a critical path. However, due to the unknown 
effects of later partitioning phases, it is extremely difficuft to determine in advance 
which paths or portions of the netUst will after fiill placement of the source electronic 
design into the target device lie on the placed critical path. Paths initially thought to 
be non-critical based on the number of connections in the patti may, after several cuts, 
turn out to be critical because of the delays added by the cuts, i.e. wiring across the 
physical boundaries of the device. The present invention provides more accurate 
information as to the delays anticipated fi-om future cuts by usmg statistical prediction 
for the delays on uncut segments of paths which have not yet been placed. The 
statistical estimate of delays bom future cuts is based on empirical data developed 
from placement of other designs using conventional partitioning techniques. The 
statistical data is generated for each phase of the partition process and is defined for 
the purposes of this application as a phase-local for each partitioning phase. 
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Phase Logal 

For a hierarchical architecture with h levels of hierarchy the phase-local for 
phase i is defined to be a weighted average of the probabilistic delays of all stages i+1 
toh. 

For a range of benchmark designs, a statistical distribution is generated, 
representing for each "local" connection after phase i, the resulting average number of 
H, V, GH and local wires occurring for that connection after complete placement 
Though not crucial, it is of practical benefit to calculate this value statistically. 

For the example of the APEX 20K400, for the first 2 phases of the 5 
partitioning phases involved, 

phase_local(l) = fi(HH+W+gh+loc, H+W+gh+loc, 
H+V-fgh+loc, gh+loc,loc), 

phase Jocal(2) = f2(H+W+gh+loc, H+V+gh 
V+gh+loc, gh+loc, loc), 

where the value phase_local(i) refers to the value of a local delay in the i'A 
partitioning phase. As the partitioning process proceeds through the hierarchy, the 
phase locals will represent smaller delays since the subsequent cuts after the first two 
will not cross major boundaries in the device. 

In one embodiment the statistical estimate is a simple linear combination of 
fixture cut-dela3^ weighted by their empirical probability of occurrence. The fimction 
fi is pTob(HH)*delay(HH) + prob(VV)*delay(VV), ... For phase fi the HH cuts are 
now known exactly (they occurred in a previous cut or phase of the partitioning 
process and tiieir associated delays are known for the device) and dp not appear in the 
calculatioiL All probabilities adjust accordingly. As described fiuther below, in 
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addition to the phase-local based on average expected delays, pessimistic and 
optimistic phase locals can be generated form the experimental results from the 
sample designs. 

It should be understood that the present invention is not limited to the above 
described hierarchical architecture or any other hardware architecture for that matter. 
In fact, it is not even limited to programmable logic devices. It may be employed 
generically in target hardware devices as broadly defined above and including 
applications such as ASIC's, circuit boards, fiill custom chips, and PLD's. PLDs are 
just one example of integrated circuits that can benefit fiiom appUcation of the present 
invention. 

Fig. 5 is a flowchart illustrating a method for generating an electronic d^ign 
on a target device based on criticaUties determined in accordance with (he methods of 
the present invention. The source electronic design may be provided as a netUst in 
this description to the placement tool using partitioning (502). The netlist will define 
the logic functions, often at a gate level. The partitioning tool will then proceed to 
make an initial estimate of delays across all paths. In the first phase of partitioning, 
none of the circuit has yet been placed. The mformation available to tiie tool, 
therefore, is limited to estimating delays across uncut connections. 

At this point the estimate of delays attributable to future cuts is based on a unit 
delay for all fiiture cuts. In other words, since all coimections of the source electronic 
design are uncut, the probabihstic measure equates to each path having an estimated 
delay proportional to the number of connections in the path, i.e. the length of the path. 
Determining the criticaUties for the paths (504) allow the critical paths to be identified 
in preparation for another partitioning cut To the extent feasible, first cuts are 

ALTRP061 20 PATENT 



avoided or miiiiinized on these critical paths ^en the hardware device is partitioned 
with the first cut (506). As described above, the wires across the first cut will 
typically constitute a connection across the device's segmentation buffer (e.g. an HH 
or W line) and will experience one of the worst delays in the device. The net effect 
of the initial cut is that some paths which previously may have speared as non- 
critical may become critical because of the added delays due at lest in part fi-om 
crossing this major boundary. 

After the first cut, critical paths are identified based on actual delay data fit)m 
the known cuts and probabilistic estimates generated &om the evaluation of other 
designs using traditional partitioning algorithms (510). The probabilistic estimates 
constitute the phase-local for that phase. For example, since the first cut may have 
placed the source design into left and right halves of the target device, HH delays 
fl-om this cut are known. For those paths crossing the vertical boundary of the device, 
the total path delay will be a sum of the cuts and non-cuts. The cuts repres^t the 
delays using HH interconnects whereas the non-cuts rq)resent the probabilistic 
estimate of future cuts. For example, for a given path comprising 7 connections and 
cut once by a partition, the estimated delay is the sum of the actual cuts (1 HH 
connection) and 6 non-cuts (6 times the phase local for tihis phase). This method 
permits a more accurate estimation of the delays to be expected bom future cuts than 
provided by the mere use of a unit-delay. The combination of actual delays for cut 
connections and statistical estimates as applied to non-cut connections allows the tool 
to more accurately identify the critical paths. The source design is then partitioned 
with another cut using this revised critical patii data (5 10), again attempting to 
minimize or avoid cuts across the newly identified critical paths. In one embodiment, 
a determination would follow as to whether the source design was fully placed (518), 
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such as, for example, in the APEX 20K device described, whether the partitioning had 
proceeded through the 5 different phases or levels of hierarchy. Where the design had 
not yet been fully placed, the method would proceed to estimate the criticalities of 
connections (508), this time based on tihe new data, i.e. actual data from another cut or 
phase of partitioning and a new phase local for the upcoming phase. The new phase 
local would be a function of the probabilities applicable to the levels of cuts not yet 
made. These probabilities are determined by examining a sampling of electronic 
designs placed by conventional techniques and determining the percentage of cuts 
attributable to each level of cut Following each partition phase, this loop, which 
includes estimating criticalities based on the new delay data (SOS) and partitioning to 
avoid or minimize cuts on critical paths so determined (5 1 0) is repeated until full 
placement of the source design. 

In another embodiment, afl^ each partition cut, a detennination is made as to 
whether the delays from the partition meet or beat the previous estimate (512). The 
previous estimate is the estimate of the critical path delays before the most recently 
performed partitioning cut. For example, after a phase 2 partition, critical paths to be 
avoided in the next partition are identilSed by calculating path delays as a sum of 
actual delays generated by previoiis cuts and the statistical estimates as to delays from 
future cuts. Where the looping option represented by block 5 12 is incorporated into 
the process, the estimated critical path delays calculated after the last partitioning cut 
are compared with the previous estimate of critical path delays based on the statistical 
data or phase-local for that type of cut. If there is a sufficient difference, i.e. the 
critical path delays are getting worse, the phase local will be adjusted to reflect the 
proportionate share of actual delays experienced in the most recent partitioning phase 
and appropriate adjustments made to the probabilistic estimates for the lower levels of 
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hierarchical connections to develop a new phase local. The adjusted phase local 
would in this case show an increased delay to reflect flie actual observations from the 
most recent partition attempt where the delays from the cut were longer than 
previously estimated (before the cut). Using the new phase local data , the design wiU 
be repartitioned with the same level cut (516) followed by a determination as to 
whether the new delays correspond to the most recent estimate. (5 1 2). This loop can 
repeat until satisfactory correspondence between the actual and estimated delays for 
that partition level occurs. This process continues until the design is folly placed 
(518). 

The statistical data for delays to be attributed to foture cuts ensures a more 
accurate delay estimate than provided by estimates based only on the length of paths. 
As illustrated in the flowchart of Fig. 6, in order to generate the statistical data at least 
one electronic design is placed accoixiing to conventional partitioning techniques. 
The flow in this method commences with the receipt of the electronic design, which 
may be in the form of a netlist (610). The design is placed fiilly using conventional 
partitioning techniques (610) without reference to statistical estimates for foture cuts. 
In other words, the critical path at each phase is determined by a combination of the 
actual cuts across sections, and a unit delay assigned to each of the uncut connections. 
Following foil placement of the design, the connections are analyzed to determine the 
percentage of each type of cut in the folly placed design (630). A separate phase local 
is generated for each partition phase. For example, the probabilistic estimate or phase 
local for phase 3 would be determined by adding all connections cut by levels 3,4, and 
5 partitions and determining a probabilistic estimated delay by multiplying the 
percentage of that particular level cut by the actual delays associated with that t>pe of 
cut in the architecture. The process then proceeds to determine whether other designs 
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in the sampling need to be analyzed (640). Once statistical data has been generated 
for all the designs in the sampling, the data is averaged over all designs (650). The 
conventional partitioning algorithm described is used to place all of the sample 
designs in an identical hardware target device. The averaged data comprises the 
statistical estimates to be used in block 508, shown in Fig. 5. 

In the embodiment described above, the statistical estimates (or phase-local) 
gathered from the experimental results from implementing the sample designs is 
based on the typical or expected phase local, i.e., the 50* percentile wires. For 
example, after partitioning with type 1 (HH) and type 2(H) wires in an APEX device 
as illustrated in FIG. 3 above, the statistical estimates from the sample designs might 
indicate that in the remaining 3 partition phases, 20% of the wires are type 3 cuts, 
30% are type 4 cuts, and 50% are type 5 cuts. Assummg that the known delays for 
type 3 cuts are 2 ns, for type 4 cuts are 1 ns, and type 5 cuts are 0.5 ns, then the phase 
local typical is derived as follows: 

phase local = 0,2*(2 ns) + 0.3*(1 ns) +0.5*(0.5 ns) + 0.95 ns 
(50* percentile) 

In one embodiment, rather than using a 50* percentile phase local, a 
pessimistic phase local is used to estimate the delays from future cuts. The 
pessimistic phase-local determines the resulting delays based on coimections on tiie 
path receiving worse than average behavior in future cuts. For example, the 
pessimistic phase-local may be defined as the weighted average based on the 95* 
percentile wires in the experimental results form the sample designs. In similar 
feshion, and in another embodiment, an optimistic phase local is used to estimate 
future delays. For example, a user might select the weighted average based on the 
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25^ percentile wires dom the experimental results of the sample designs. This would 
provide an estimate as to future delays based on an assumption that the wires will 
have delays better (shorter) than average. The actual percentages described are for 
illustration purposed only and the invention should not be construed as limiting the 
invention. Variations and modifications will be apparent to those of skill in the art. 

Implementation Apparatus 

Embodiments of the present invention relate to an apparatus for performing 
the above-described operations. This apparatus may be specially constructed for the 
required purposes, or it may be a general-piupose computer selectively activated or 
reconfigured by a computer program stored in the computer. The processes presented 
herein are not inheraitly related to any particular computer or other qjparatus. In 
particular, various general-purpose machines may be iised with programs written in 
accordance with the teachings herein, or it may be more convenient to construct a 
more specialized apparatus to perform the required method. The required structure 
for a variety of these machines will appear fi-om the description given above. 

In addition, embodiments of the present invention fiulher relate to computer 
readable media that include program instructions for performing various computer- 
implemented operations. The media may also include, alone or in combination with the 
program instructions, data files, data structures, and the like. The media and program 
instructions may be those specially designed and constructed for the purposes of the 
present invention, or they may be of the kind well known and available to those having 
skill in the computer software arts. Examples of computer-readable media include, but 
are not limited to, magnetic media such as hard disks, floppy disks, and magnetic tape; 
optical media such as CD-ROM disks; magneto-optical media such as floptical disks; and 
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hardware devices that are specially configured to store and perform program instructions, 
such as read-only memory devices (ROM) and random access memory (RAM). The 
media may also be a transmission medium such as optical or metallic Imes, wave guides, 
etc. including a carrier wave transmitting signals specifying the program instructions, data 
structures, etc. Examples of program instructions include both machine code, such as 
produced by a compiler, and files containing higher level code that may be executed by 
the computer using an inteipreter. 

Fig. 7 illustrates a typical computer system in accordance with an embodiment of 
the present invention. The computer system 700 includes any number of processors 702 
(also referred to as central processing units, or CPUs) that are coupled to storage devices 
including primary storage 706 (typically a random access memory, or ''RAM''), primary 
storage 704 (typically a read only memory, or **ROM"). As is well known in the art, 
primary storage 704 acts to transfer data and instructions uni-directionally to the CPU and 
primary storage 706 is used typically to transfer data and instructions in a bi-directional 
manner. Both of these primary storage devices may include any suitable type of the 
computer-readable media described above. A mass storage device 708 is also coupled bi- 
directionally to CPU 702 and provides additional data storage capacity and may include 
any of the computer-readable media described above. The mass storage device 708 may 
be used to store programs, data and the like and is typically a secondary storage medium 
such as a hard disk that is slower than primary storage. It will be appreciated that the 
information retained within the mass storage device 708, may, in appropriate cases, be 
incorporated in standard fashion as part of primary storage 706 as virtual memory. A 
specific mass storage device such as a CD-ROM 714 may also pass data uni-directionally 
to the CPU. 
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CPU 702 is also coupled to an interface 71 0 that includes one or more input/output 
devices such as such as video monitors, track balls, mice, keyboards, microphones, touch- 
sensitive displays, transducer card readers, magnetic or paper tape readers, tablets, 
styluses, voice or handwriting recognizers, or other well-known input devices such as, of 
course, otfier computers. Finally, CPU 702 optionally may be coupled to a computer or 
telecommunications network using a network connection as shown generally at 712. 
With such a network connection, it is contemplated that the CPU might receive 
information from the network, or might ou^ut information to the networic in the course of 
performing the above-described method. The above-described devices and materials will 
be familiar to those of skill in the computer hardware and software arts. 

The hardware elements described above may be configured (usually temporarily) 
to act as multiple software modules for performing the operations of this invention. For 
example, instructions for running an optimizing method and/or compiler may be stored on 
mass storage device 708 or 714 and executed on CPU 708 in conjxmction with primary 
memory 706, 

In one specified embodiment this invention also relates to programmable logic 
devices programmed with a design prepared in accordance with the above-described 
methods. The invention further relates to systems employing such programmable logic 
devices. Fig. 8 illustrates a PLD 800 of the present invention in a data processing system 
802. The data processing system 802 may include one or more of the following 
components: a processor 804, memory 806, I/O circuitry 808, and peripheral devices 809. 
These components are coupled together by a system bus 810 and are populated on a 
circuit board 812 that is contained in an end-user system 814. 

The system 802 can be used in a wide variety of appUcations, such as computer 
networking, data networking, instrumentation, video processing, digital signal processing, 
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or any oUhct application where the advantage of using programmable logic (including 
r^rogrammable logic) is desirable. The PLD 800 can be used to perform a variety of 
different logic functions. For example. PLD 800 can be configured as a processor or 
controller that works in cooperation with processor 804. The PLD 800 may also be used 
as an arbiter for arbitrating access to a shared resource in the system 802. In yet another 
example, the PLD 800 can be configured as an interface between the processor 904 and 
one of the other components in the system 802. It should be noted that the system 802 is 
only exemplary. 

The foregoing describes the instant invention and its presently prefOTed 
embodiments. Nimierous modifications and variations in the practice of this invention are 
expected to occur to those skilled in the art. For instance, the techniques and systems of 
the present invention are suitable for use with a wide variety of EDA tools and 
methodologies for programming a device. Therefore, the described embodiments should 
be taken as illustrative and not restrictive, and the invention shotild not be limited to the 
details given herein but should be defined by the following claims and their fidl scope of 
equivalents. 



ALTRP061 



28 



PATENT 



